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 Over the last two decades, advanced oxidation processes (AOP) have been 
developed to remove low to trace amounts of organic compounds from both aqueous and 
gaseous waste streams.  Free radicals involved in AOP can be generated using several 
radiation methods, including UV, γ-radiation, electron–beam and ultrasonic waves.  
Among the above, ultrasonication is probably one of the less studied methods despite its 
very unique and extreme conditions generated without using complicated and expensive 
apparatus.  Ultrasonication not only promotes oxidative degradation of the target 
compound by hydroxyl radicals, but also provides a possible route for thermal 
decomposition in the gas phase (Ince et al., 2001).  
 
The chemical effect of ultrasound is produced through the phenomenon of 
cavitation, which is caused by the expansion and contraction of cavitation nuclei due to 
the   compression and rarefaction cycles of ultrasonic waves.  Cavitation causes the 
formation, rapid growth and finally implosive collapse of the bubbles, resulting in 
unusual reaction environment in the vicinity of the bubbles (Joseph et al., 2000).  
Compression of gas and vapor in the bubbles generates intense heat and can generate 
local hot spots. Suslick et al. (1986) have shown that the temperature inside the cavity 
can theoretically reach temperatures of about 5,200 K in the collapsing bubbles and 1,900 
K in the interfacial region between the solution and the collapsing bubbles. 
 
  Summary 
 vii
 The main objective of this research is to provide a comparative analysis of 
sonochemical degradation of several organic compounds with varying physical properties, 
especially varying volatility, and identify  the merits and demerits of the process related 
to large-scale application. The chemical compounds studied were selected from simple 
aromatics, chlorinated alkenes, and dyes.  They are: benzene, toluene, styrene, 
ethylbenzene and trichloroethylene (TCE), and Eosin B.  
 
 The reaction kinetics of the compounds under the influence of ultrasound was 
investigated by generating experimental data. The process variables include initial 
concentrations, temperature, and type of saturated gas. The effects of additional oxidant 
and electrolyte were also examined.  A kinetic model was tested to determine its ability to 
predict the degradation rate constant of different volatile organic compounds at different 
initial conditions.  A normalization factor for the electrical energy consumption for the 
two types of ultrasonic reactors is also presented.  
 
 Finally, it was shown that the enhancement of sonochemical degradation can be 
achieved by the combination of ultrasound with other advanced oxidation processes, like 
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Chapter 1 INTRODUCTION 
 
The increasingly acceptable use of chemicals in industries and households has 
resulted in the increasing generation of organic pollutants in effluents. These pollutants 
are potential health hazards. For example, breathing large amounts of trichloroethylene 
causes impaired heart function, unconsciousness, and death. Breathing it for long periods 
may cause nerve, kidney, and liver damage. Similarly, benzene is a confirmed human 
carcinogen and a likely human mutagen. Other organic pollutants are equally unsafe. 
They are also harmful to water bodies.  
 More stringent regulations have been set up to control the concentration of these 
organics in the aqueous system. A clean and safe drinking water is essential for the 
sustained and healthy development of the society. Numerous water treatment 
technologies have been developed to remove the toxic chemicals from water (Rajeswar 
and Ibanez, 1997). Incineration, i.e., combustion of oxidizable material is an effective 
choice for the treatment of waste streams containing high concentrations of organic 
materials. However, the process becomes inefficient for low concentration of organics. In 
addition, the process may generate appreciable air pollutants, particularly toxic 
degradation products and particulate matter.  
 Activated carbon adsorption and air stripping are other accepted techniques for 
the treatment of organic waste. Unfortunately, they are not complete destructive 
technologies; they merely transfer the pollutants from one phase to another phase.  
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Microbial treatment is a common method due to its cost effectiveness and 
versatility. An important aspect of this process is the minimal impact on the environment 
and the complete destruction of pollutants. However, it is limited in the sense that it is 
effective only, if the pollutants are biodegradable and are dilute. There are other 
technologies, such as membrane filtration and wet air oxidation but with their own 
limitations.  
Destructive technologies for the treatment of organic pollutants has many 
advantages. The advanced oxidation processes (AOPs) promises much in this regard. The 
AOPs generate free radicals, which acts as strong oxidant to destroy the organic 
pollutants. AOPs include several methods such as: H2O2/UV, O3/UV and UV/TiO2. They 
also include processes like radiolysis, electron beam irradiation, pulsed corona discharge 
and sonolysis (or sonication).  
 
Among the above, ultrasonication is one of the less studied methods despite its 
unique and extreme conditions generated without using complicated and unsafe process.  
Ultrasonication promotes oxidative degradation of the target compound by hydroxyl 
radicals and also provides a possible route for thermal decomposition in the gas phase 
(Ince et al., 2001). The combination of ultrasonication and other AOPs like photoxidation 
and ozonation substantially increases the decomposition rate of organic pollutants by 
increasing the amount of hydroxyl radicals required to oxidize the pollutants. The 
objective of this thesis is to study the efficacy of sonolysis and its combination with other 
AOPs on the destruction of undesirable compounds in dilute aqueous solutions. The 
second chapter deals with the existing literature on the sonochemical degradation 
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(chemical effects of ultrasound) and the combination of sonolysis and other AOPs. 
Experimental details including the experimental setup and model compounds are 
discussed in Chapter 3. Chapter 4 presents the results and discussions of the 
sonochemical degradation of organic pollutants. The last chapter (Chapter 5) summarizes 
the conclusions and gives recommendations for further studies.  
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Chapter 2   LITERATURE REVIEW 
 
In recent years, advanced oxidation processes (AOP) have emerged as promising 
new technologies for the degradation of organic pollutants. AOP processes involve highly 
oxidizing agents, such as hydroxyl radicals in the degradation of various organic 
pollutants.  These processes include photochemical degradation, radiolysis, electron beam 
irradiation, and sono-chemical degradation. These technologies involve widely different 
methods of activation as well as oxidant generation and can potentially utilize a number 
of different mechanisms for organic destruction (Bolton et al., 1996).  
 
2.1 UV/H2O2 
In the past two decades, UV catalyzed treatment of contaminated water has 
yielded encouraging results. Especially, the combination of UV light and various 
oxidants or catalysts, such as O3, H2O2, TiO2, ZnO and sodium hypochlorite are drawing 
ample attention in decomposing some refractory organic compounds (Chen, 2001).  
 
UV light dissociates the H2O2 dissolved in the water into hydroxyl radicals, which 
oxidize the organic pollutants. Alaton et al. (2002) studied the effect of UV/H2O2 on the 
treatment of wastewater containing a reactive dye bath. The complete color removal was 
observed in 10 minutes with k = 0.14 min-1. There was a substantial reduction in TOC 
values. To investigate the effect of the combination of UV/H2O2, separate experiments 
were conducted in UV and H2O2 alone. The UV photolysis appeared to be very slow (k = 
0.0021 min-1) with practically no change in TOC concentration. Similarly, in dark control 
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experiments, the addition of H2O2 alone did not produce any degradation either. However, 
it was observed that excess H2O2 can inhibit the reaction rate due to the scavenging of 
OH. radicals. The rate constant decreased by around 50% on doubling the H2O2 dose. 
These results are not in direct agreement with the result obtained by other researchers 
(Stepnowski et al., 2002; Sundstrom et al., 1989). Stepnowski et al. (2002) found that 
increasing the H2O2 concentration increases the reaction rates for TPH (total petroleum 
hydrocarbons) in mineral oil contaminated wastewater. Similarly, Sundstrom et al. (1989) 
reported the effectiveness in destroying the wide variety of hazardous aliphatic and 
aromatic compounds in water by UV/H2O2. The rates of reaction were up to 50 times 
faster with UV light in combination with hydrogen peroxide than with UV light alone.  
 
2.2 UV/O3 Processes 
The use of ozone is an established practice in the water treatment industry. It has a 
strong absorption band at 260 nm. Photolysis at this wavelength produces significant 
amount of H2O2 by the following reactions (Rajeswar and Ibanez, 1997): 
  
 
O3      O(1D) + O2                       (2.1) 
 
O(1D) + H2O  H2O2             (2.2) 
 
 
Subsequent production of hydroxyl radicals takes place according to the reaction: 
 
O3 + H2O    2OH. + O2           (2.3) 
  
 
Andreozzi et al. (2000) found that the UV/O3 system is capable of achieving high 
levels of purity, ranging from 80 to 90% abatement of the inlet COD for the mineral oil 
hν 
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contaminated wastewater. The degradation of VOCs like tetrachlorethylene, 1,1,1 TCA, 
1,1-DCA was found to accelerated in the presence of ozone (Rajeswar and Ibanez, 1997; 
Topudurti et al., 1993).  
  
A serious problem with the UV-O3 approach is the limited solubility of ozone in 
water, while handling of H2O2 is much easier, as it is available in solution. In addition, 
the UV-H2O2 process is energy efficient compared to the UV-O3, since an electric 
generator is required to produce ozone.  
  
Although the processes of H2O2/UV and O3/UV are effective in destroying toxic 
organic compounds, there are several drawbacks to these processes (Chen, 2001): 
 
1) An excess quantity of oxidant can interfere with process flow or materials. 
2) Reaction times are prolonged, allowing for precipitates to form on the 
light sources and reduce the light intensity. 
 3)  Large units.are required.  
 
2.3 Sonochemistry 
Sonochemical degradation methods are relatively new and involve degradation of 
aqueous solution containing the organic pollutants by ultrasound. Sound is a waveform 
consisting of density variations in an elastic medium, propagating away from a source. 
The most immediate property of sound is its frequency, or pitch, which is usually 
measured in cycles per second, or hertz (Hz). Human hearing is said to lie between 20 Hz 
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and 20 kHz. The terms sonic, ultrasonic and infrasonic are defined based on the 
frequency of sound waves. Ultrasonic waves refer to the sound of frequencies greater 
than 20 kHz (Leighton, 1994). The upper limit of ultrasonic frequency is not sharply 
defined, but is usually taken to be 5 MHz for gases and 500 MHz for solids and liquids 
(Lorimer and Mason, 1987).  
  
 Sound waves are longitudinal, i.e. the particles are displaced parallel to the 
direction of the motion of the wave. Therefore, when a sound wave passes through a 
liquid or a gas, the molecules in the medium vibrate longitudinally in the direction of 
wave propagation. Pressure variations (rarefaction and compression cycles) are 
associated with the movement of the molecules. For a sinusoidal sound source, the 
acoustic pressure at any time t is given by P(t) = Pasin2πft, where Pa = maximum pressure 
amplitude, f = frequency of the sound wave. The acoustic intensity (I) is the rate, at 
which energy in the wave crosses a unit area perpendicular to the direction of wave 
propagation. It can be expressed as:  
 
I = Pa2/2ρc                  (2.4) 
 
where ρ = density of the medium, c = velocity of sound in that medium (c = fλ, λ is the 
wavelength of the sound wave; c ≅ 1500 m/s for water). For water (ρ = 1 Kg/m3), we get 
Pa ≅ 1.7 I0.5, Pa is in atm and I in W/cm2. The sound attenuation takes place along the 
distance due to energy losses. For one dimensional case, the intensity is related to 
distance as (Leighton, 1994): 
 
I = I0 e-2bx               (2.5) 
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where I0 is the intensity at the source and b is an overall attenuation coefficient that includes 
frictional losses, thermal conduction losses, and losses due to bulk viscosity. In addition, 
relaxation and hysteresis processes may be involved. Attenuation is strongly frequency 
dependent and for constant T, b is proportional to f2. Therefore, higher frequency ultrasound 
is associated with higher energy losses. For 20 kHz sound waves, energy losses are negligible 
for short distances.  
 
2.3.1 Theory and Fundamentals  
 The chemical effect of ultrasound is produced through the phenomenon of 
cavitation, which is caused by the expansion and contraction of cavitation nuclei due to 
the   compression and rarefaction cycles of ultrasonic waves.  Cavitation causes the 
formation, rapid growth and finally implosive collapse of the bubbles, resulting in 
unusual reaction environment in the vicinity of the bubbles (Joseph et al., 2000).  
Compression of gas and vapor in the bubbles generates intense heat and can generate 
local hot spots. Suslick et al. (1986) have theoretically shown that the temperature inside 
the cavity could reach about 5,200 K in the collapsing bubbles and 1,900 K in the 
interfacial region between the solution and the collapsing bubbles. Sonochemical effect 
takes place either due to the pyrolytic degradation inside the bubbles, or by the reduction 
and oxidation due to the generation of H. and OH.  radicals at the gas-liquid interface (De 
Visscher et al.,  1996). 
  
 Transient cavitation: These bubbles are voids, or vapor-filled bubbles and are 
produced at high sound intensities. They exist for a few acoustic cycles and collapsed 
violently on compression, resulting into smaller bubbles. Finally, the bubbles get 
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dissolved into the bulk of the solution. The transient bubbles are characterized by free 
evaporation and condensation of liquid. It is assumed that there is no time for diffusion of 
gas into or out of the bubbles. Noltingk and Neppiras (1950) calculated the maximum 
temperature inside the collapsed cavitation bubbles. They have assumed that collapse is 
adiabatic in nature. They have also made simplifying assumption that liquid is 
incompressible and the ultrasonic pressure wave is exactly sinusoidal. 



















SMa                 (2.6) 
 
where, r0 is the initial radius and r is the radius of cavitation bubbles at any time t in metre 
ρ0 is the density of liquid  in Kg/m3 
pa is the ambient pressure in a liquid in N/m2 
pM is the acoustic pressure amplitude in N/m2 
σ is the surface tension in N/m 
p0 is the initial pressure of gas in the bubble in N/m2 
ps is the saturation pressure of the liquid in N/m2 
γ is the polytropic constant = Cp/Cv 
 







                        (2.7) 
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 Stable cavitation: These bubbles mainly contain gas and some vapor and are 
produced at lower intensities. The time scale allows the mass diffusion of gas along with 
condensation and evaporation. When the bubble contracts the concentration of gas (moles 
per liter) in the interior of the bubble increases and gas diffuses from the bubble. 
Similarly, when the bubble expands, the concentration of gas decreases, and gas diffuses 
into the bubble. Because the diffusion rate is proportional to the surface area, more gas 
enters during expansion than leaves during the contraction of the bubble. Therefore over 
a complete cycle, there is a net increase in the amount of gas in the bubble. With the 
growth of the bubble, the acoustic and surrounding conditions will change and the bubble 
may either ascend to the surface or collapse. The collapse under these conditions is not 
very violent (Leighton, 1994). 
 
2.3.2 Reactors  
Ultrasound is mainly generated by immersing the reactor in a sonicating liquid (a 
reacting vessel in an ultrasonic bath (1)) or by introducing the source directly in the 
reactor (an ultrasonic probe in the reactor (2)). A Cup horn system uses the features of (1) 
and (2). There is also a third method of generating ultrasound by using a reactor 
constructed with ultrasonically vibrating walls. Some of the most commonly used 
sonicating systems are summarized below (Mason, 1991). 
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Ultrasonic cleaning bath: This is the most widely used and the least expensive 
source of ultrasound in the laboratory. It provides even distribution of energy in 
the immersed reaction vessel. Also, it works well with conventional apparatus like 
a conical flask and cylinder. It can be operated under pressure without the need 
for elaborate sealing of the ultrasonic source. However, there are some limitations 
to the use of an ultrasonic bath. The ultrasonic intensity supplied to the reaction 
mixture is very low due to poor energy transfer. It does not allow proper 
temperature control and reproducibility is not very good. In order to maintain 
consistent ultrasonic intensity, liquid level in the bath, solvent level in the reactor 
and the position of flask have to be fixed. Ultrasonic cleaning industry employs 
large-scale ultrasonic bath reactors.  
 
Ultrasonic probe: It produces very high energy compared to ultrasonic bath and 
the probe can be directly immersed in the solution for a better sonochemical effect. 
Due to its energy efficiency, it is preferred over an ultrasonic bath. In this system, 
the electrical energy is transmitted to the piezoelectric transducer within the 
converter, where it is changed to mechanical vibrations. The longitudinal 
vibrations from the converter are intensified by the horn, creating pressure waves 
in the liquid, which cause cavitation.  
      Ultrasonic probe system consists of a generator which supplies power to the 
transducer housing. The transducer housing is attached to the sonic horn, 
which magnifies the acoustic energy available. It has two parts; fixed horn 
element and detachable horn. The fixed horn is a robust piece of titanium 
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alloy, which is accurately machined to provide an end face vibrating at 
maximum amplitude to which other horns may be attached. The detachable 
horn allows the vibration of the fixed horn to be transmitted through a further 
length of metal which can be used to magnify the power delivered to the 
system. 
        
  Selecting a proper material for horn is the most important parameter of 
horn design due to the erosion problem caused by cavitation. Presently, 
titanium alloy is the best material available.  
   
  The probe system can be used in the continuous flow mode. A number of 
probes can be inserted into the circulating system. The zone of sonochemical 
influence can be made uniform throughout the system. It offers the best 
possible option for industrial scale sonochemistry. However, it suffers from 
the problem of the erosion of probe tip, which can cause contamination in the 
reaction mixture.  
  
 Another form of reactors is quite useful in making emulsions is the whistle 
reactor. Here, liquids are pumped at a high rate through a narrow gap onto a 
thin metal blade. As a result, blade is set into vibration with a sufficiently high 
frequency to cause cavitation and hence very efficient mixing. It is mainly 
used for making emulsions, and for inducing polymerization and phase 
transfer reactions.  
  Literature Review 
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2.3.3 Mechanism of the reaction 
 Although, the exact nature of the degradation of compound is not clear, there is 
overall consensus that the mechanical and chemical effects of the collapsing bubble can 





















a) The inside of the bubble is like a high energy microreactor. The cavitation bubble 
contains vapor from the solvent (or any volatile reagent present) which enters as 
the bubble is being formed. The bubble implodes, resulting in enormous increase 
in both temperature and pressure. When water is used as a solvent, highly reactive 
species such as H. and OH. radicals are produced. In this region, the organic 
compounds decompose via a pyrolytic mechanism. 
b) The interface between the bubble and the bulk liquid is a region where surface 





H2O         H,     




Figure 2.1 Possible sites of chemical reactions 
Inside of 
the bubble  
Interfacial 
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first react with chemicals in the bulk liquid. Organic compounds present are 
decomposed by the combined effect of pyrolytic degradation and hydroxylation. 
c) In the liquid immediately surrounding the bubble oxidative degradation by 
hydroxyl radicals takes place.  
 
According to the hot spot theory, the maximum energy is generated during the 
transient collapse of the bubbles. In a particular sound field, bubbles of large radius 
undergo stable cavitation, whereas smaller bubbles undergo a transient collapse. However, 
if a bubble is very small, the surface tension pressure inhibits the growth of the bubbles 
(Leighton, 1994). Thus, there exist intermediate sizes of the bubbles, suitable for transient 
collapse under the influence of acoustic force. The concept of cavitation threshold and 
resonant frequency is important to understand the effect of frequency on the overall 
degradation rate. When the liquid is subjected to acoustic radiation, the small bubbles in 
the liquid grow by rectified diffusion. There are two types of threshold, namely threshold 
for rectified diffusion and threshold for transient cavitation. The threshold from which the 
tiny bubbles grow by rectified diffusion after oscillating around some equilibrium radius 
is called threshold for rectified diffusion. Transient cavitation threshold is the threshold, 
at which the cavity becomes a transient and then expands and ultimately collapses to 
generate a large amount of localized energy (Margulis, 1993).  
 
 Resonant frequency is the frequency at which maximum scattering of the sound 
wave takes place, resulting in the important cavity effects. There is a resonant radius 
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corresponding to the resonant frequency. Under the assumption of negligible heat flow, 





γπ aR Pfr =                                                 (2.9) 
 where, f is resonant frequency and,  
 
 rR is the resonant radius. 
 
 For air bubbles in water under one atmosphere Equation 2.9 simply reduces to  
 
 frR  ∼ 3 Hz. m          (2.10) 
 
 
 The bubbles with a radius smaller than the resonant radius will be expanded by 
ultrasound and collapsed after reaching the transient cavitation threshold. Bubbles of the 
same size as the resonant radius will pulsate dynamically, but will not collapse (Young, 
1989). Thus, the frequency of the sound waves becomes a critical parameter in deciding 
the transient cavitation threshold. However, the choice of suitable frequency for effective 
degradation is also dependent on the physicochemical properties of the pollutant present 
in the water. These properties include vapor pressure, solubility and partition coefficient. 
Hydrophilic chemicals have strong affinity for water and lower vapor pressures and 
hence they tend to remain in the water. As mentioned earlier there are three reaction sites. 
Due to their affinity with water, these chemicals do not necessarily go either into the 
interfacial layer or inside the bubbles. The majority of sonochemical reactions for the 
hydrophilic compounds take place in the water phase. Hydrophobic chemicals on the 
other hand are repulsive towards water and hence mainly decomposed inside the 
cavitation bubbles.  
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2.3.4 Sonochemistry in aqueous solution 
 
2.3.4.1 Degradation of hydrophobic compounds 
By the studies of volatile organic intermediates in trichloroethylene degradation, 
Drijvers et al. (1996) concluded that the pyrolysis mechanism played the dominant role in 
the degradation of the volatiles. They found that the hydroxyl radicals’ yield was between 
0.0040 mM min-1 - 0.0176 mM min-1 for air saturated solution at 520 kHz. The hydroxyl 
radical concentration corresponds to 7 and 32% of the initial TCE concentration for 60 
minutes of sonication. The initial TCE concentration used in the experiment was 3.34 
mM. This is sufficient to cause fair amount of degradation of TCE. However, the addition 
of NaBr (an effective OH. radical scavenger) proved that TCE was not degraded in the 
bulk solution. The reaction constant at 0.03909 min-1 remains the same even after the 
addition of NaBr. This proved that TCE is degraded in or at least near the collapsing 
microbubbles. The presence of volatile organics like C2HCl, C2Cl2, C4Cl4 confirmed that 
the degradation takes place by C-Cl bond scission. At high temperature, C2HCl3 breaks 
down into C2Cl3. radical and HCl as per the following mechanism: 
 
C2HCl3                C2HCl2. + Cl. ,           (2.11) 
 
C2HCl3 + Cl.           C2Cl3. + HCl          (2.12) 
 
 
These results are in comparison with the high temperature pyrolysis and CO2-
laser induced degradation of TCE. These radicals undergo a series of reactions to produce 
the variety of intermediates. The authors mentioned that OH. radical initiated oxidation of 
TCE results in different intermediates.  
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Volatile compounds, like chlorobenzene (Drijvers et al., 1998) and CCl4 (Hua and 
Hoffmann, 1996) were also studied in detail to show that the pyrolytic degradation takes 
place. Drijvers et al. (1998) found that the degradation of chlorobenzene results in 
formation of products like methane, acetylene, butenyne, butediyne and a broad range of 
chlorinated and non-chlorinated mono and dicyclic hydrocarbons. The authors mentioned 
that most of these products are also formed during thermal degradation or pyrolysis. The 
thermal degradation mainly takes place by the formation of phenyl radicals. The phenyl 
radicals further break down into the radicals like C6H4Cl., C4H3.Cl.  and C2H2. All the 
intermediates are explained by the reactions between these radicals. It was further 
confirmed by the addition of 10 mM sodium benzoate, a known radical scavenger. It did 
not change the rate constant, which varied from 0.0182-0.0191 min-1. 
 
The observed degradation rate constants for volatile compounds are the function 
of many parameters like acoustic frequency, power intensity, ambient gas and initial bulk 
concentration. The variation of reaction rate constant for certain volatile compounds are 
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Table 2.1 Rate constants for the sonochemical degradation of volatile compounds. 
 
 
Parameters Model Compound 
Volume     Power    frequency 








Drijvers et al. 
(1998) 









Drijvers et al. 
(1996) 
Chloroform 50 --- 900 0.054 
min-1 
Kruus et al. 
(1998) 
Chlorobenzene 250 30 500 0.02 
min-1 
Petrier et al. 
(1998) 
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Bhatnagar and Cheung (1994) reported the degradation of several chlorinated 
compounds. They found that the reaction rate constants tend to increase with a decrease 
in vapor pressures of the C2 compounds, although the trend is not very clear (Table 2.2).  
 
Table 2.2 Variation of rate constants with the vapor pressures of chlorinated 
compounds. 
 
Compound Rate constant (min-1) Vapor Pressure at 200C 
(Torr) 
Methylene chloride 0.033 348.9 
Chloroform 0.043 160.0 
Carbon tetrachloride 0.043 90.00 
1,2-dichloroethane 0.021 64.00 
Trichloroethylene 0.021 57.80 
Perchloroethylene 0.026 20.00 
 
 
Although kinetic studies on the degradation of volatiles have been done by many 
researchers, no attempt has been made to apply kinetic model to study the degradation 
rate. In this study, an attempt is made to study the applicability of kinetic model on the 
degradation rate of volatiles. A normalization factor is also used to compare the 
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2.3.4.2 Degradation of hydrophilic compounds 
 The intense energy generated by ultrasonic waves dissociate the water molecule 
into the radical species like H., OH., HOO., which are capable of decomposing organic 
matter.  These radicals were observed by spin trapping experiments (Riesz and Takashi, 
1992). They are produced via the following reactions:  
H2O      H. + OH.           (2.13) 
2H.       H2         (2.14) 
H. + O2  HO2         (2.15) 
HO2 + HO2  H2O2 + O2       (2.16) 
2OH.    H2O2         (2.17) 
2OH.                H2O  + O.        (2.18) 
H. + H2O2              OH.  + H2O       (2.19) 
            
           
 
 The polar and less volatile compounds like phenol, chlorophenol etc. degrade 
mainly by reaction with OH. radicals in the bulk phase or in the interphase between the 
collapsing bubble and the bulk solution, depending on their hydrophobicity (Drijvers et 
al., 1999). In their studies on the degradation of monochlorophenols, Serpone et al. (1994) 
found the intermediates like hydroquinone, chlorosorcinol, chlorohydroquinone, catechol 
and chlorocatechol. The presence of these compounds indicates that the degradation is by 
a reaction with hydroxyl radicals, since these compounds are OH adducts. The location of 
the reaction site was confirmed with kinetic studies. They found zero-order disappearance 
at low concentrations, whereas nonlinear rate indicative of Langmuir type behavior 
available in solid/gas systems was found at higher concentrations.                              
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 The importance of the hydrophobicity of polar compounds in sonochemical 
degradation was reported by Petrier and Casadonte (2001).  They compared the 
degradation of 2-chlorophenol and phenol. A higher initial rate was reported for 2-
chlorophenol. The presence of chlorine group increases the hydrophobic nature of the 
compound and hence higher degradation. The rate of hydrogen peroxide formation 
decrease indicated the degradation due to reaction with OH. radicals. In a separate study, 
Petrier et al. (1994) found the presence of OH adducts like hydroquinone, catechol and 
benzoquinone as the primary intermediates for phenol degradation. The absence of 
products like methane and acetylene confirmed there is no degradation by pyrolysis. 
They compared the degradation at two different frequency; 487 and 20 kHz. Higher 
phenol degradation was achieved at 487 kHz due to higher OH. radical production. The 
shorter duration of collapse of the bubbles at 487 kHz results in the efficient ejection of 
radicals in the solution.  
 
 There are few studies on the degradation of non-volatile compounds using 
ultrasonic waves. The slow sonochemical oxidation of non-volatile compounds is a 
challenge to the researchers (Seymour and Gupta, 1997). Similar observations were made 
by Drijvers et al. (1998). They found that the volatile intermediates during the 
degradation of chlorobenzene degraded quite easily, whereas non-volatile degrades 
slowly. Vinodgopal et al. (1998) observed the sonication of an organic dye, remazol 
black B. They noted that the decolorization of dye has taken place within 90 min, but it 
did not mineralize even up to six hours of sonication. The use of tertiary butyl alcohol 
established that the reaction with hydroxyl radicals was the main reaction pathway. 
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Substantial inhibition of the reaction rate was found at higher concentration. Even after 
three hours of sonication, decolorization did not take place indicating that the reaction 
stopped far short of completion. Other non-volatile compounds like thymine (Sehgal and 
Wang, 1981), formic acid (Hart and Henglein, 1988) and humic acids (Nagata et al., 1996) 
were also studied.  
 
 
2.4 Combination of sonolysis and other AOPs.  
 As mentioned above, the sonochemical degradation efficiency of organic 
compounds is related to their hydrophobicity. Henglein and Kormann (1985) noted that 
the greater the hydrophobicity, the more efficiently compounds are destroyed. The 
degradation of hydrophilic compounds is slower and, moreover, total degradation is not 
achieved. The combinations of ultrasound with other conventional methods, such as 
ozonation, wet air oxidation and electrochemical degradation have obtained much better 
results (Ingale and Mahajani, 1995; Trabelsi et al., 1996). A brief review of US/UV, 
US/O3 and US/Fenton reagent is described in the following section.  
 
2.4.1 US/UV 
 Hydroxyl radicals and hydrogen peroxides are the major oxygenating species that 
are responsible for the chemical degradation in sonolytic reactions. However, significant 
loss of H. and OH. radicals species take place due to the recombination of the radicals. 
The application of UV light turned the hydrogen peroxide produced by recombination 
back into the hydroxyl radicals increasing the amount of OH. radicals. Wu et al. (2001) 
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reported a significant increase in phenol degradation rate, when the sonolysis was 
promoted by photolysis. The combined effect of US and UV leads to 99% degradation 
compared to the 54% achieved with sonication alone. Similarly, TOC removal increased 
from 5% to 20% on the application of UV. The author also found that the 
photosonochemical degradation was the fastest under acidic conditions (pH = 3). These 
results are in agreement with the direct photolysis of phenol by Castrantas and Gibilisco 
(1990). They also found higher degradation at acidic pH values. The formation of 
intermediates like hydroquinone, catachol, benzoquinone and resorcin indicating that the 
phenol has undergone OH. radical attack. The photosonochemical degradation of chloro-
aromatic compounds like 4-chlorophenol, 2,4-dichlorophenol, 3-chlorobiphenyl and 
pentachlorophenol was studied by Johnston and Hocking (1993). The combined effect of 
US and UV shows higher degradation of the above organics as compared to individual 
sonolysis and photolysis alone.  
 
 Stock et al. (2000) investigated the combinative sonolysis and photocatalysis for 
the degradation of an azo dye, naphthol blue black (NBB). The combination has a 
beneficial effect on the degradation rate. The first order rate constant for the combined 
method (0.0183 min-1) is greater than the one obtained with individual sonolysis (0.0104 
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2.4.2 US/O3 
 Weavers et al. (2000) studied the degradation of pentachlorophenol (PCP) by the 
combination of ultrasound and ozone. Ozone decomposes into the collapsing caviation 
bubble as follows: 
 
O3   O2 + O (3P)          (2.20) 
 
O(3P) + H2O  2OH.          (2.21) 
 
 
 However, even with two molecules of hydroxyl radicals production, the combined 
effect of sonolysis and ozonolysis was not different from the ozonolyis alone. This might 
be due to the larger rate constant of PCP with ozone ( 1-15 sM103
3
−×>Ok ). The 
calculation of Hatta number indicates that the PCP is reacting at the gas liquid interface 
and negligible amount of O3 will be present in the solution. Aromatic intermediates like 
o-chloranil and tetrachlorocatechol were found and destroyed. On the other hand, Kang et 
al. (1999) observed the enhancement in the degradation of MTBE at two frequencies: 205 
and 358 kHz. Similar findings were reported by Destaillats et al. (2000). In their studies 
on the oxidation of azobenzene, they found that the mineralization exceeded 80% at all 
O3 concentrations on the combined application of sonication and ozone. The use of 
ultrasound alone could only reduce TOC by about 20%.  
 
2.4.3 US/Fenton Method 
 It is well known that the ferrous hydrogen peroxide constitutes the Fenton process. 
Hydrogen peroxide reacts with water and generates hydroxyl radicals. The Fenton 
reaction involves the following sequence of major steps (Lin and Ma, 2000): 
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Fe2+ + H2O2        Fe3+ + OH- + OH.        (2.22) 
 
Fe3+ + H2O2   Fe-O2H2+          (2.23) 
 
Fe-O2H2+   Fe2+ + .O2H        (2.24) 
 
  
            Lin and Ma (2000) found that the high concentration of hydroxyl radicals 
produced by Fenton method can enhance the ultrasonic degradation of 2-chlorophenol. At 
10 mg/l of Fe2+ and 500 mg/l of H2O2, 99% of 2-chlorophenol was removed, while 0.5 
mg/l Fe2+ without H2O2 results in only 31% removal. Neppolian et al. (2002) also noted 
that the coupled US/Fenton method results in complete degradation of MTBE, whereas 
only 48% removal has taken place in ultrasonication alone.   
 
            The potential of the combination of sonication with other AOPs lies in its 
complete mineralization of target compounds without using any toxic chemicals or 
unsafe experimental practice. However, the synergistic effect of US in combination with 
other AOPs is not widely explored in the destruction of dyes. The dyes create persistent 
environmental problems because of their resistance to degradation. In this study,  
extensive experimentation are done on the degradation of eosin B using the combination 
of sonication and other AOPs and are compared with the degradation of volatiles for 
certain cases. 
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Chapter 3 EXPERIMENTAL DETAILS 
 




 The chemical compounds studied were selected from simple aromatics, 
chlorinated alkenes, and dyes.  They are: benzene, toluene, styrene, ethylbenzene and 
trichloroethylene (TCE), and Eosin B. Eosin B is a xanthene dye, having staining 
properties similar to eosin, but of a distinctly bluer shade. It is freely soluble in water and 
thus can be found in abundance in waste water from the dye industry. The molecular 
structure of eosin B is shown in Figure 3.1. 
..  
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The physical properties of the compounds are listed in Table 3.1. 
 





in water  










TCE 1.467 7.3 x10-10 682 87.2 0.324 
Benzene 0.879 1.1 x10-9 796 80.1 0.250 
Toluene 0.87 0.8 x10-9 605 110 0.250 
Ethylbenzene 0.867 0.77 x10-9 237 136 0.270 
Styrene 0.91 0.75 x10-9 353 145 0.135 






 Reagent-grade benzene and styrene (Aldrich Chemicals, U.S.A.), toluene, TCE 
and H2O2 (Merck, Germany), ethylbenzene (Fluka Chemika), Eosin B (Sigma Chemical 
Company, U.S.A.) and hexane (Ashland Chemical Italiana) were used as received. 
Aqueous solutions were prepared by dissolving the compounds in de-ionized water. 
Purified air, nitrogen and argon were obtained from Soxal, Singapore.  
 
 For US and UV combination, the ultraviolet light was supplied by low pressure 
ultraviolet lamp located at the top of the reactor. The lamp had an output of 8 watts at 254 
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nm (UV 824-H200 BT). The ozone used in the work was produced by an ozone generator 
(COM-AD-08, ANSEROS, Germany), which was capable of generating stable levels of 
O3 over the required concentration range. By adjusting the generator level or the flow rate 
of the oxygen feed, different concentrations of ozone can be obtained. In our study, we 
used oxygen as the feed to the ozone generator. 
  
 Quantitative analysis of aromatics were determined with an HP 6890 purge and 
trap GC equipped with an auto sampler, flame ionization detector and a column (HP-624, 
30 m x 0.53 mm x 3 µm). The analysis was conducted under the following conditions: 
injector temperature -2500C, detector temperature -2500C and the oven temperature- 
1100C. 5.0 ml samples were drawn at various time intervals and transferred to GC 
sampling vials.  
 
 For TCE, liquid-liquid extraction was used to separate TCE from water using n-
hexane as solvent. In this method, 7 ml sample was injected into a 15 ml test tube. 3 ml of 
n-hexane was added to aqueous sample and shaken vigorously for 2 min. 2 ml of hexane 
phase was drawn with a 10 ml glass syringe and injected into a GC vial (HP Agilent). 
The vial was then inserted into GC Auto-sampler (HP Agilent). The concentration of 
TCE was measured by gas chromatograph (HP 6890, HP Ultra 2) with an electron 
capture detector (ECD). The oven temperature was maintained at 1200C.  
 
 Eosin B analysis was carried out using a UV Spectrophotometer (Shimadzu UV-
VIS Spectrophotometer, Model UV Mini 1240). The total organic carbon (TOC) and pH 
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were analyzed by a TOC analyzer (Shimadzu, Model 5000A) and Oaklon pH meter (Ion 
510 series), respectively.  
 
 Samples from few experiments were analyzed for reaction intermediates by 
Hewlett Packard 1100 HPLC system with a UV detector coupled to mass spectrometer 
with a Hypersil ODS C-18 column with flow rate of 0.5 ml/min. The mobile phase used 
was 20/80/1 acetonitrile/water/acetic acid. The mass spectra were recorded in the range 
50 to 800 m/z units at a skimmer cone voltage of 3.5 kV, with the fragmentor voltage of 
70 eV.  
 
Some of the experiments were done in duplicates and the results are presented in 
the form of error bars. 
 
3.2 Apparatus 
 Two kinds of ultrasonic reactors were used in this work: 1) ultrasonic bath and 2) 
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1. Septum for sampling  5. Water bath 
2. Gas diffuser   6. Steel stand 
3. Thermometer   7. Silicone stopper 




Figure 3.2 Setup for the bath reactor 
 
 The ultrasonic bath (Honda electronics W-113 SANPA, 100 W) is a multi-
frequency device. The bath operates at three frequencies: 28, 45 and 100 kHz. The 
maximum power output is 100 W. Erlenmeyer flask was used as reaction vessel. The 
volume of the solution was 100 ml. The bath temperatures were maintained by proper 
recirculation of water. Solution temperature was also monitored regularly. The efficiency 
of a reaction vessel placed in an ultrasonic bath depends strongly on the distance of the 
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bottom of the reaction vessel to the bottom of water bath. The distance h (shown in 
Figure 3.1) was carefully measured so that ultrasonic intensity reached maximum at the 
bottom of the flask. The maximum intensity occurs at half-wavelength, which is a 
function of the frequency used in the ultrasound bath.  For ultrasonic frequencies 28, 45 
and 100 kHz, h values were 2.7 cm, 1.7 cm and 0.8 cm, respectively. The reactor was 
sealed with silicone stopper wrapped with an aluminium foil to ensure the minimum loss 
due to evaporation of the volatile compounds. The syringe needle was pierced through 
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1. Probe system display              7.  Stirrer 
2. Ultrasonic probe                8.  Magnetic stirrer 
3. pH meter                 9.  Cooling water inlet 
4. Teflon cover    10.Thermometer 
5. Cooling water outlet   11. Sampling hole 
6. Water jacket               12. Steel stand 
 
Figure 3.3 Experimental setup for the probe system  
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 The ultrasonic probe (VC-750, Sonics and Materials) was provided by Sonics and 
Materials (U.S.A). The ultrasonic source was employed at 50% amplitude for all 
experiments. The probe tip was 19 mm in diameter for volatiles and 13 mm for eosin B.  
 
 A water jacketed glass vessel with a Teflon cover was used as the reaction vessel. 
The volume of the solution was 200 ml and the head space was almost zero (Figure 3.2). 
The temperature was monitored with the help of a thermocouple immersed in the reacting 
medium. The frequency of the probe system could not be changed and kept constant at  
20 kHz.  
 
 The reactor filled with the solution was kept closed overnight to measure the loss 
of volatile compounds from the solution due to evaporation (less than 2%). In addition, 
care was taken not to introduce a large headspace during sampling to reduce the 
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Chapter 4 RESULTS AND DISCUSSION 
 
 This chapter presents the effect of various parameters, such as initial 
concentrations of the compounds, dissolved gas, the temperature and addition of 
hydrogen peroxide and electrolyte on the reaction kinetics of chemical compounds. The 
results reported are conducted in two reactors. A comparison between the reactors is 
made based on their electrical energy consumption. Enhancement in sonochemical 
degradation rate by the addition of other AOPs like ultraviolet (UV) and ozone is also 
shown.  
 
4.1 Degradation of volatiles 
4.1.1 Probe experiments 
 The frequency and the amplitude of the probe were fixed for all experiments. The 
probe’s frequency was 20 kHz and the amplitude was maintained at 50%. The 
experimental procedures are described in Chapter 3.  
 
4.1.1.1 Effect of initial concentration  
Since the industrial wastewater contains pollutants in varying concentration, the 
effect of initial concentrations on the sonochemical reaction rate was tested for all 
compounds. The initial concentrations of all the volatiles tested were within their 
solubility limits. The reaction kinetics for all the compounds followed first-order rate 
laws at all initial concentrations. A typical ln C/C0 vs. t for benzene and styrene as 
representative compounds are shown in Figures 4.1 and 4.2, respectively.  
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Time (min)



















   
 Figure 4.1 Effect of initial concentration on the degradation of benzene    
           (T=200C; f = 20 kHz)    
Time (min)
















 Figure 4.2 Effect of initial concentration on the degradation of styrene  
                                   (T = 200C; f = 20 kHz) 
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As is seen from the graphs, the apparent first order rate constants decreased with 
an increasing initial concentration of the organics, indicating non-elementary nature of 
the sonochemical reactions. This dependence of reaction rate constants on initial 
concentration compared well with existing literature (De Visscher et al., 1996; Jiang et al., 
2002; Hoffmann et al., 1996 and Zhang and Hua, 2000).  The variations of reaction rate 
constant with initial concentration for all the volatiles tested are shown in Figure 4.3.  
Conc(ppm)



















Figure 4.3 Rate constant vs. initial concentration for different organic compounds  
      (T = 200C; f = 20 kHz) 
 
 
 The reaction conditions vary as the concentration of the organic compound 
changes. The products formed by the degradation of organics should affect the reaction 
rate due to their influence on the cavitation temperature; however it is difficult to evaluate 
and establish.  According to De Visscher et al. (1996), for relatively small mole fractions 
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of the volatile compounds in the cavitation bubble ( 1x ), γ, the specific heat ratio varies 








γγγγγ x                 (4.1) 
 
 where γ0 and γ1 are the specific heat ratios for pure gas water mixture and organic 
compound respectively in the cavitation bubbles. Since the term )( 01 γγ −  will be 
negative, the specific heat ratio decreases with the increase in initial concentration. The 
decrease in γ will cause a decrease in cavitation temperature (Table 4.1), consequently 
reducing the reaction rates.  
 
  Table 4.1 Cavitation temperatures (Tmax) for volatiles at different 
initial concentrations. 
 
Tmax (K)  γ0 
50 ppm 100 ppm 150 ppm 200 ppm 
Benzene 1.1 2369 2364 2359 2353 
Toluene 1.08 2367 2363 2359 2353 
Ethylbenzene 1.07 2366 2362 2358 2353 
Styrene 1.06 2366 2361 2357 2352 




  Results and Discussion 
 38
  It seems that the major route for degradation for the volatile aromatics is by 
pyrolytic reactions in the gas phase, and thus they show a greater dependence on initial 
concentration.  In contrast, TCE showed a small decrease in rate constant with increasing 
concentration, due to the presence of an unsaturated bond and reactive hydrogen in the 
structure, which causes additional degradation of TCE by the reaction with reactive 
radicals.   
 
 Comparing the reaction rate constants of all the compounds, one can observe that 
the reaction rate constants of all the volatile compounds were of similar order (0.0128-
0.0146 min-1) at 50 ppm and 20 kHz.  Similar results were observed in the experiments of 
De Visscher et al. (1996), where the first order degradation rate constants for various 
alkylbenzenes varied in a narrow range of 0.023-0.029 min-1, and also in the experiments 
of Jiang et al. (2002), where the first order degradation rate constants for chlorobenzenes 
varied again from 0.026-0.028 min-1. It can be seen from Table 4.1 that the maximum 
cavitation temperature varies in a narrow range for all the volatile compounds.   
 
 Sonochemical degradation suffers from the disadvantage that the reaction rate for 
a compound varies with the system. In addition to various physicochemical properties, 
reaction rate is also affected by acoustic properties, such as intensity and frequency of the 
sound waves. De Visscher et al. (1996) modeled the dependence of rate constant on the 
initial concentration for volatile compounds. They introduced a, a kinetic parameter 
describing the inhibiting effect of an organic compound on its own sonolysis. The 
following kinetic equation for the sonolysis of volatile compounds was obtained: 
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k = k0 exp(-aCi)               (4.2) 
 










KEP              (4.3) 
 
k0 is the rate constant at infinite dilution, E is the activation energy, Pmin is the minimum 
pressure in the vapor phase and Pmax is the maximum pressure in the liquid phase. K is a 









γγγx              (4.4) 
 
The activation energy E is obtained from the slope of ln k vs 1/RTmax according to 
Arrhenius’ equation: 
 
)/exp( maxRTEAk −=               (4.5) 
 
Tmax is the maximum cavitation temperature. According to Equation 2.7  
 







               (4.6) 
 
where, pa is the ambient pressure, pv is the pressure in the bubble at its maximum size, 
and T0 is the ambient temperature. 
 
 Although the above model is semi-empirical in nature due to the various 
assumptions and approximations involved, we attempted to apply this model to predict 
the rate constants of all the volatile compounds tested in this study. Inclusion of the 
parameters, which affect the cavitation such as specific heat ratio, ambient temperature 
and pressure, allows the model to be applied to a specific system.  
 
 The model parameter a varies with the bubble radius and collapse time, since the  
concentration of the organic vapor in the gas phase (Cg) is a function of bubble radius and 
collapse time.  The variation in Cg will cause the variation in 1x , which will change the 




10 )/)(/6( CDrCg πτ=              (4.7) 
 
where r0 is the bubble radius (resonant size) in meters, D1 is the diffusion coefficient 
(m2/s) and τ is the collapse time.  
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 The bubble radius is influenced by the frequency of ultrasonic waves. For air 
bubbles in water under one atmosphere the relationship between frequency and the 




 ∼ 3 Hz.m                                   (4.8) 
    
where,  f is the frequency of ultrasonic waves. 
 
 This is the maximum radius at which bubble loses its stability and breaks up into 
smaller fragments. At 20 kHz, r0 is estimated to be 0.015 cm. The resultant collapse time 
is given by (Margulis, 1993): 
 
ap
r ρτ 0915.0=                (4.9)  
 
where ρ is the density of the liquid and P0 is the ambient pressure. For r0 = 0.015 cm and 
pa = 1 atm, the collapse time is 1.35 x 10-5 s.  
 
 Taking D1 = 0.8 x 10-9 m2/s for toluene at 300C with r0 = 0.015 cm and τ = 1.35 x 
10-5 sec`, a gas concentration of 0.0045 mol/m3 was obtained at the liquid initial 
concentration of 1.89 mol/m3 (corresponds to 200 ppm). Assuming ideal gas behavior, 
the saturated water vapor concentration obtained at 300C is 1.6 mol/m3 (Weast et al., 
1983). Therefore the mole fraction of toluene in the bubble obtained was 0.0027. The γ 
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was calculated according to Equation 4.1 and it reduced to 1.33. Using Equation 2.4, 
cavitation temperature obtained was 2354 K. Finally a was obtained from Equation 4.3 as 
0.697 mM-1 for Pmax equal to the hydrostatic pressure and Pmin equal to the vapor pressure 
of water. The model parameter a and the rate constant calculated for all the test volatile 
compounds are listed in Table 4.2. 
 
Table 4.2 First order rate constants (in min-1) for the sonochemical degradadation of            
volatile organic compounds at different initial concentrations 
(compared with the model). 
 
50 ppm 100 ppm 150 ppm 200 ppm  a 
(mM-1) kobs kmodel kobs kmodel kobs kmodel kobs kmodel 
Benzene 0.601 0.0146 0.0142 0.0076 0.0101 0.0072 0.0073 0.0056 0.0052
Toluene 0.697 0.0128 0.0122 0.0088 0.0115 0.0101 0.0064 0.0091 0.0045
Ethylbenzene 0.902 0.0137 0.0141 0.0115 0.0085 ---- 0.006 0.0082 0.0043
Styrene 0.805 0.0138 0.0138 0.0135 0.0081 0.0085 0.0056 0.007 0.0039
TCE 0.400 0.0133 0.016 0.0125 0.011 0.0122 0.0087 --- ---- 
 
 
 The performance of the model is quite satisfactory as the predicted rate constants, 
especially at low concentrations, agreed very well with the experimental data. The 
maximum difference of 50% between the observed and predicted rate constants occurred 
at high concentration of toluene, ethylbenzene and styrene.  The model systematically 
under-predicted the reaction rate constants for all compounds.  This is possible since the 
model takes into account only the pyrolytic degradation of volatile compounds.  However, 
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some degradation of these compounds also occurs in the aqueous phase in the presence of 
reactive free radicals.  
 
 The bubble radius, and the collapse time are the two parameters with the highest 
uncertainty involved in the above model.  Thus, the bubble radius was varied in some 
experiments to test the sensitivity of the model, and a 50% variation in bubble radius 
causes a maximum of 20% variation in the calculated rate constants.    
 
4.1.1.2 Effect of dissolved gas 
 The cavitational effect of ultrasound causes the degassing of liquids. Therefore, 
many researchers deliberately bubble gas through a sonochemical reaction to facilitate 
uniform cavitation (Mason, 1991). To determine the effect of dissolved gas, experiments 
were carried out in air and argon saturated solutions.  For these experiments, the test gas 
was bubbled through water for one hour before the volatile compounds were introduced 
into the reactor. It was found that dissolved gas did not affect the rate of benzene and 
toluene degradation (Figure 4.4).  
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Conc (ppm)
















Figure 4.4 Effect of dissolved gas on the degradation of benzene and toluene   
        (T = 200C; f = 20 kHz).  
 
 The average specific heat ratio γ of the gas is an important parameter, as it 
increases the collapse temperature of the bubbles. In general, mono-atomic gases like 
helium, argon, krypton etc. has the highest specific heat ratio (γ = 1.67),  and final 
collapse temperature for a monatomic gas could be two times higher than that of a tri-
atomic gas (Riesz and Takashi, 1992).  However, since the collapse temperature ranges 
from 2,000-4,000 K, it is already high enough for the pyrolysis of the volatile compounds, 
which can be degraded in the cavitation bubble.  Consequently, the dissolved gases exert 
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4.1.1.3 Effect of hydrogen peroxide 
 Hydroxyl radicals generated in water by ultrasonication can produce hydrogen 
peroxide in the system. Whether additional hydrogen peroxide has a synergistic effect on 
the overall degradation of pollutants, some experiments were conducted at various 
concentrations of added H2O2. The addition of hydrogen peroxide did not alter the 
degradation rates of benzene and TCE, whereas there is a slight increase in the rate for 
toluene. Table 4.3 gives the reaction rate constant for various systems. The degradation 
curve for toluene is shown in Figure 4.5. 
 
Table 4.3 First order degradation rates of various systems 
(Effect of H2O2) 
(T = 200C; f = 20 kHz) 
 
System k1 (min-1) r2 
50 ppm Bn 0.0146 0.985 
50 ppm Bn + 200 ppm H2O2 0.0147 0.982 
50 ppm Bn + 400 ppm H2O2 0.0147 0.98 
50 ppm Bn + 1000 ppm H2O2 0.0146 0.984 
50 ppm Tn 0.0128 0.979 
50 ppm Tn + 200 ppm H2O2 0.0128 0.982 
50 ppm Tn + 400 ppm H2O2 0.0129 0.981 
50 ppm Tn + 1000 ppm H2O2 0.0131 0.985 
50 ppm TCE 0.0137 0.981 
50 ppm TCE + 115 ppm H2O2 0.0138 0.984 
50 ppm TCE + 230 ppm H2O2 0.0135 0.983 
 





















                      Figure 4.5 Effect of H2O2 on the degradation of toluene 
                                         (T = 200C; C0 = 50 ppm) 
 
     
De Visscher et al. (1998) observed the similar results for TCE degradation, 
whereas they observed an increase in o-chlorophenol degradation with an increase in 
H2O2 concentration. Teo et al. (2001) also noted an increase in p-chlorophenol 
degradation with the addition of H2O2. It can be explained by the fact that benzene, 
toluene and TCE are highly volatile and hence have a strong tendency to diffuse into the 
gaseous bubbles. Thus, they are mostly degraded either in the interior of the bubbles or in 
the interfacial sheath (Drijvers et al., 1999 and Kotronarou et al., 1991). Therefore, the 
degradation does not require OH radicals generated by the degradation of hydrogen 
peroxide. On the other hand, chlorophenol has lower vapor pressure and hence tend to 
remain in the water and undergo oxidative degradation. The increase in hydrogen 
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peroxide concentration increases the hydroxyl radical concentration, which attack the 
aromatic structures increasing the rates of reaction. 
 
4.1.1.4 Effect of temperature 
 In an ultrasonic reactor, the temperature increases rapidly with sonication if it is 
not controlled. Thus, it is possible to make use of the advantage of temperature rise in a 
sonochemical reactor if the reaction simply follows Arrhenius rate law. However, for 
sonochemical reactions, rate depends on many factors, which causes inconsistency in 
reaction rates with respect to temperature dependence. The temperature of the bulk phase 
affects the viscosity, gas solubility, vapor pressure and surface tension. For example, an 
increase in temperature increases the vapor pressure of the solute. Consequently, the 
cavitation bubbles are readily filled with the vapor of the target compound and water.  
The increased vapor and gas content increases the resistance to the inward motion of a 
bubble during the collapse resulting in the reduced intensity of the collapse. This causes 
the reduction in the collapse temperature, decreasing the degradation rates (Mason, 1991).  
On the other hand, the increased temperature will result in the reduction of viscosity 
and/or surface tension lowering the threshold intensity required to produce cavitation.  
 
 Combining all of the above, the effect of temperature on sonochemical 
degradation rate is complicated. Thus, there is no consistent report on the impact of 
temperature on the degradation of organic compounds in literature.  Bhatnagar et al. 
(1994) and Wu et al. (1992) reported that the degradation of trichloroethylene and carbon 
tetrachloride remained constant between -7-200C and 20-600C, respectively.  In contrast, 
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Ondruschka and Hofmann (1999) and Destaillats et al. (2001) indicated that the 
sonochemical degradation of chlorobenzene and TCE, respectively increased with 
increasing temperature. In this study, marginal changes were observed for the aromatics. 
In fact, styrene and ethylbenzene showed a negligible change with respect to temperature 
(Figure 4.6).  For benzene and toluene, slightly higher degradation is achieved at higher 




















       Figure 4.6 Rate constant vs. temperature for styrene and ethylbenzene.              
    (C0 = 50 ppm)          
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       Figure 4.7 Effect of temperature on the degradation of benzene 
                (C0 = 50 ppm) 
Time (min)
















          Figure 4.8 Effect of temperature on the degradation of toluene 
                   (C0 = 50 ppm) 
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4.1.1.5 Effect of Electrolyte 
 Seymour and Gupta (1997) observed enhancement in degradation rates for 
chlorobenzene, p-ethylphenol and phenol by adding electrolyte, such as a common salt in 
water. The addition of salt increases ionic strength of the aqueous phase which drives the 
organic compounds to the bulk-bubble interface.   However, ionic strength is not the only 
effect brought about by the dissolved electrolytes. Other properties of solution such as 
viscosity, vapor pressure, and heat capacity will also change accordingly. The combined 
effect of these parameters is difficult to estimate, if not impossible. A 10-12% increase in 
the degradation rates was observed for benzene, ethylbenzene and less than 10 % increase 
for TCE (Table 4.4). It seems that the addition of an electrolyte does not influence the 
rate of degradation of the volatiles significantly. 
 
Table 4.4. Effect of NaCl on the degradation of volatiles  
(C0= 50 ppm; T = 200C) 
 
Rate constant (min-1) NaCl 
concentration (M) Benzene Ethylbenzene TCE 
0.0 0.0146 0.0135 0.0133 
0.5 0.0152 0.0144 0.0147 
1.0 0.0158 0.0151 0.0142 
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4.1.1.6 Degradation of TCE as a function of power and temperature 
 An empirical model was developed for the sonochemical destruction of TCE as a 
function of power and temperature. For this study, the acoustic power input and reactor 
temperature were varied to observe the degradation rate for TCE. All the experiments 
were carried out at constant initial concentration of 400 ppm.  
 
 The acoustic power was varied from 75 W to 187.5 W at an interval of 37.5 W. 
For each power setting, experiments were conducted from 15 to 390C at an interval of 
30C.  
 The software DataFit, developed by Oakdale Engineering was used for nonlinear 
regression analysis.  
 
 The rate constant data are summarized in Table 4.5. Columns 1-2 give the value 
of acoustic power and temperature studied. Column 3 contains the k value obtained from 
experiment. The next column has the k value as predicted from DataFit. Column 5 shows  
the residuals. Residuals are the vertical difference between the actual data points and the 
curve generated from the predicted values. The % error is given in column 6.  
 
 From Table 4.5, it is seen that reaction rate constant increases with the acoustic 
power whereas it shows an optimum for temperature. The acoustic power input is related 
to acoustic intensity. There exists a cavitation threshold beyond which increase in 
intensity results in increased sonochemical rate by increasing the effective region of 
liquid undergoing cavitation (Shah et al., 1999). However, at high intensity reaction rates  
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Table 4.5 Rate constant data for TCE from the correlation model  
(compared with the experimental result) 






( in per min) 
k-predicted 
( in per min)
Residual % Deviation 
15 75 0.0036 0.0031 0.00045 12.7 
15 112.5 0.0055 0.0048 0.00068 12.4 
15 150 0.006 0.0064 -0.00048 -8.15 
15 187.5 0.0072 0.0081 -0.00096 -13.36 
18 75 0.004 0.0041 -0.00017 -4.27 
18 112.5 0.0068 0.0058 0.00095 14.05 
18 150 0.0085 0.0075 0.00098 11.55 
18 187.5 0.0088 0.0091 -0.00039 -4.44 
21 75 0.0058 0.0054 0.00032 5.64 
21 112.5 0.0065 0.0071 -0.00064 -9.93 
21 150 0.0083 0.0088 -0.00051 -6.25 
21 187.5 0.0104 0.0104 -0.00009 -0.89 
24 75 0.0063 0.0062 0.00007 1.15 
24 112.5 0.008 0.0079 0.00009 1.23 
24 150 0.0086 0.0095 -0.00097 -11.32 
24 187.5 0.0101 0.0112 -0.00114 -11.36 
27 75 0.0069 0.0064 0.00044 6.51 
27 112.5 0.0084 0.0081 0.00027 3.28 
27 150 0.0097 0.0097 -0.00009 -1.00 
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27 187.5 0.0122 0.0114 0.00072 5.98 
30 75 0.0061 0.0062 -0.00018 -3.04 
30 112.5 0.0079 0.0079 -0.00005 -0.75 
30 150 0.0101 0.0096 0.00046 4.62 
30 187.5 0.0122 0.0113 0.00089 7.32 
33 75 0.0055 0.0058 -0.00036 -6.64 
33 112.5 0.0077 0.0075 0.00016 2.09 
33 150 0.0086 0.0092 -0.00061 -7.11 
33 187.5 0.0118 0.0108 0.00091 7.75 
36 75 0.0048 0.0052 -0.00048 -10.09 
36 112.5 0.0066 0.0069 -0.00035 -5.42 
36 150 0.008 0.0086 -0.00063 -7.88 
36 187.5 0.0112 0.0103 0.00089 7.99 
39 75 0.0049 0.0046 0.00029 5.92 
39 112.5 0.0061 0.0062 -0.00018 -3.00 
39 150 0.0068 0.0079 -0.00115 -17.00 
39 187.5 0.0105 0.0096 0.00087 8.28 
 
diminishes because of the shrouding of the sonic horn by the bubbles and the overgrowth 
of the bubbles. In our experiment we did not increase the power beyond 187.5 W, 
because the horn was getting tripped at such a high load. At high power input we also 
might have observed a decrease in reaction rates.     
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 Due to the presence of reactive hydrogen in the structure it is expected that TCE 
will be degraded partially by a reaction with OH. radicals in addition to bulk degradation 
inside the cavitation bubbles. Although the increase in temperature lowers the threshold 
intensity required to produce cavitation, due to the lowering in surface tension/viscosity, 
the increase in vapor pressure leads to reduction in collapse temperature. It is believed 
that initial increase in reaction rate is due to lowering in threshold intensity. At optimal 
temperatures, the increase in vapor pressure might dominate the reactivity of the system.  
 
The non-linear regression analysis yields the following equation: 
 
PTTTk 532 1046.4/257/89.39/89.1025.0 −×++−+−=     (4.10) 
 
where, k is in min-1, T is in 0C and P is in W.  
 
 This shows that the cavitation process is highly non-linear. In fact, cavitation is 
viewed as a typical example of a physical chaos (Kuttruff, 1980). Figure 4.9 shows the 
3D graph for the non-linear model. A plot of k vs T at 187.5 W indicates an optimal 
temperature (Figure 4.10).  
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Figure 4.10. Variation of rate constants with temperature at 187.5 W 
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 The goodness of fit of the model is verified by residual normal probability plot 
and the coefficient of multiple determination (R2). The residual normal probability plot 
shows that the non-linear model assumed can represent the data points fairly well (Figure 
4.11). It can be observed from Figure 4.11 that the most of the data points fit well on the 
straight line with a 45-degree slope passing through the origin. Moreover, the R2 obtained 




Figure 4.11 Residual normal probability plot for the correlation model 
 
4.1.2 Bath experiments  
4.1.2.1 Effect of initial concentration 
 Argon saturated aqueous solutions of benzene and TCE were sonicated at 4 
different initial concentrations of 100, 200, 300 and 400 ppm. In all cases, concentration 
decreased exponentially with time, indicating first-order or pseudo first-order kinetics. 
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The experimental run was performed for 150 minutes. Figure 4.12 shows the 
semilogarithmic plot of the degradation of TCE with respect to time. The profiles are 
linear (r exceeds 0.99). Similar to a probe system, the first order reaction rate seems to 
depend upon initial concentration.  
 
 Time (min)


















Figure 4.12 ln C vs. t for TCE in an argon saturated solution for different initial        
          concentrations.  
        (f = 28 kHz; T = 250C).  
 
4.1.2.2  Effect of ultrasonic frequency 
 It is expected and also reported that the rate of degradation of organic compounds 
increases with an increase in frequency of sonication, although the effect of frequency is 
somewhat system specific. The frequency of the probe systems could not be changed.  
The ultrasonic bath had 3 frequency options: 28, 45 and 100 kHz.  Typically the intensity 
  Results and Discussion 
 58
of an ultrasonic bath goes down with the increase in frequency. The decrease in intensity 
causes decrease in the collapse temperature, as the acoustic pressure is a function of 
intensity.  Thus TCE in this work, showed decreased rates with increasing frequencies 
(Figure 4.13). 
 Time (min)




















Figure 4.13 ln C vs. t for TCE at different frequencies in argon saturated solutions. 
                     (C0 = 100 ppm; T = 250C) 
                   
  
  The percentage degradation achieved for 28 kHz was almost 95%, whereas it 
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4.1.2.3 Effect of hydrogen peroxide 
 The degradation curves for TCE for various hydrogen peroxide concentrations are 
shown in Figure 4.14. The degradation of TCE is clearly independent of H2O2. Since the 
reaction with OH. takes place in the bulk solution, TCE must have been degraded in the 
cavitation bubbles.  
 
Time (min)

















Figure 4.14 Concentration vs. time profile of TCE subjected to ultrasound and      
  various concentrations of H2O2 in argon saturated solutions. 
                            (C0 = 100 ppm; T = 250C) 
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4.2 Degradation of non-volatiles 
 Eosin B is used as a model compound to observe the sonochemical degradation 
rate for non-volatile compounds with different process parameters. The structure of eosin 
B is mentioned in Chapter 3.  
 
4.2.1 Effect of initial concentration 
 The effect of initial concentration of eosin B on the degradation rate in US/ H2O2 
was studied for various initial concentrations of eosin B. ln C/C0 vs. time is plotted in 
Figure 4.15.  
Time (min)
















      Figure 4.15 Effect of initial concentration on the degradation of eosin B. 
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 It can be seen that the observed reaction rate constant decreases with an increase 
in initial concentration of eosin B from 15 µM to 60 µM. The percentage degradation was 
almost 90% with initial concentration of 15 µM at 2 hrs of sonication, which reduces to 
66.5 % for 60 µM. The low volatility and hydrophilic nature of eosin B make it difficult 
for the eosin B molecules to penetrate into the cavitation bubbles during sonication. Thus, 
the pyrolytic reactions due to the high temperature and pressure inside the “hot spot” may 
not play a significant role in degradation of eosin B, while bulk reaction with hydroxyl 
radicals is probably the major degradation pathway for compounds like eosin B.  Joseph 
et al. (2000) reported a similar mechanism in the degradation of azo dyes, where products 
due to pyrolytic degradation of azo bond were absent in the reaction medium.  
 
 With increasing initial concentration of eosin B, concentrations of Na+ and Br- 
increase proportionally through dissolution and hydrolysis. The Br- ions are known 
scavengers of OH• radicals, consequently reducing the rate of reactions at higher initial 
concentration of eosin B (Makino et al., 1982).  In addition, the intermediates formed 
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 4.2.2 Effect of dissolved gas 
 In contrast to the effect of dissolved gases on volatiles, eosin B showed almost a 
six-fold increase in degradation rate when argon was used (Table 4.6).  
 
 
Table 4.6 Sonolysis of eosin B in different dissolved gases 
(C0 = 20 µΜ; Τ = 200C). 
 









  This is possibly due to the greater rate of OH. production in argon saturated water 
(Hua and Hoffmann, 1997), as an argon atmosphere leads to higher temperature inside 
cavitation bubbles. They reported that the hydroxyl radical production is higher in Ar-
saturated solution at 20 kHz frequency. The reaction rate constants for hydroxyl radical 
production was 0.103 µΜ min-1 for Ar-saturated solution as compared to 0.0699 
µΜ/min for O2-saturated solution. Similar observations were made by Joseph et al. 
(2000). They found 10% enhancement under Ar as compared to air and O2 for all the 
organic dyes tested.  These results confirmed that the OH. radicals are the dominant 
factor in the degradation of eosin B. Similar increase in rate was observed for the 
degradation of alachlor and PCP in argon-saturated solution (Wayment and Casadonte, 
2002; Petrier et al., 1992). 
 
  Results and Discussion 
 63
4.2.3 Effect of temperature 
 Because of the low vapor pressure, eosin B will behave differently under the 
influence of temperature. We observed that the rate constant decreases with the increase 
in temperature. It was found that the k decreases from k = 0.0176 min-1 at 100C to k = 
0.0038 min-1 at 400C for 30 µM initial concentration. The degradation curves are given in 
Figure 4.16.  
Time (min)

















           Figure 4.16 Effect of temperature on the degradation of eosin B  
                                (C0 = 30 µΜ; H2O2 = 2.0 ml/l) 
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Table 4.7 Effect of temperature on the degradation of eosin B 
(C0= 15 µΜ; H2O2 = 2.0 ml/l) 
Temperature (0C) 10 20 30 40 
k (min-1) 0.0193 0.0171 0.0073 0.0033 
 
  
 Sehgal and Wang (1981) noted that the non-volatile compounds like thymine 
shows optimum with respect to temperature, whereas Ku et al. (1997) observed that the 
degradation of 2-chlorophenol decreases with an increase in temperature. Sehgal and 
Wang (1981) attributed the optimum temperature to the equality of rate of diffusion of 
thymine molecules to the rate of diffusion of the free radicals from the interior of the 
cavitation bubbles to the interphase. At low temperature, cavitation is intense resulting in 
abundance of free radicals, while at high temperature, diffusion of thymine molecules is 
greater due to the increase in vapor pressure. At optimum temperature, these two rates are 
equal. For eosin B which is highly soluble in water (39%), diffusion is not significantly 
higher at higher temperature, resulting in lower degradation of eosin B at higher 
temperatures.  
 
4.2.4 Effect of electrolyte 
 We mentioned that the addition of an electrolyte does not influence the rate of 
degradation of the volatiles significantly. However, eosin B showed substantial increase 
with the increase in NaCl concentration (Figure 4.17).   These results indicate that the 
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pyrolysis of the non-volatiles in the bulk-bubble interface may have merits for the 
application of sonolysis for these chemicals. 
Time (min)


















      
                   Figure 4.17 Effect of NaCl on the degradation of eosin B 
                             (T = 200C; Ci = 20 µΜ) 
 
 
4.3 Effect of the type of ultrasonic equipment 
 The economic issues of sonochemical decontamination of waste streams have not 
yet been addressed in a comprehensive manner, although a recent study indicates that the 
cost of sonochemical oxidation of p-nitro-phenol to be comparable to that of incineration 
(Seymour and Gupta, 1997). The volatile compounds treated by this method perform 
better than the non-volatiles and about a ten-fold increase in the existing rate would bring 
the sonochemical rates on par with AOP processes involving ultraviolet radiation (UV).   
The relatively high cost of sonochemical process is due to the low efficiency of electrical-
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sound-thermal energy conversion.  A calorimetric method could be used to determine the 
power dissipated into the reaction media in a probe system (Mason and Bates, 1992). The 









=                                                                 (4.11) 
 
where CP is the heat capacity of the water, m is the mass of water, and (dT/dt)t=0 
represents the initial slope of the temperature increase versus the time.  
 
 The temperature vs. time data from our experiments was fitted into the following 
function: 
 958.230851.0103 25 ++×−= − ttT               (4.12) 
     














 Since a 375 W power was utilized, only 14.3% of the rated power is transmitted 
into the reactor.  
 
 In addition to the electrical cost mentioned above, the capital cost of an ultrasound 
system varies significantly. Usually, ultrasound is generated by immersing the reactor in 
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a sonicating liquid (a reacting vessel in an ultrasonic bath) or by introducing the source 
directly into the reactor (an ultrasonic probe in the reactor). Ultrasonic cleaning bath is 
the most widely used and the cheapest source of ultrasound in laboratory. Compared to a 
bath system, the probe can be directly immersed in the solution for better sonochemical 
effect.  We have compared the effects of type of equipment used and a normalization 
factor (EE/O) (Bolton et al., 1996) for the consumption of electrical energy was 
calculated according to the following equation, and the results are presented in Table 4.8.  
 









                                    (4.13) 
 
where, P is the rated power (kW), V is the volume (L) of water treated in the time tt (in 
min), C0, Cf are the initial and final concentrations (mol L-1) of contaminant in the water, 
respectively. The EE/O value was used to compare the energy efficiency of the two 
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Table 4.8 EE/O values for different systems.  
(C0 = 50 ppm) 
 
EE/O (KWh per m3 per order) Rate Constant (min-1)  
Bath Probe Bath Probe 
TCE 4382 6136 0.0102 0.0133 
Toluene 6643 6372 0.0079 0.0126 
Styrene 7538 6596 0.005 0.0135 
Eosin B 7532 9210 0.0015 0.0065 
Benzene ---- 4732 ----- 0.0146 
Ethylbenzene ---- 6720 ----- 0.0137 
  
 
 It is evident from the Table 4.8 that although higher rate is observed in a probe 
system as compared to an ultrasonic bath, the energy efficiency of both the systems is 
comparable.   In the probe system, the erosion of titanium tip with use contributes to the 
higher operating cost for the probe than the bath systems. 
 
4.4 Enhancement of sonochemical degradation via UV and ozone 
 As noted in Section 2.1.1, non-volatiles degrade slowly compared to volatile 
compounds. In this regard, the combinations of different AOPs have been found to be 
effective in decomposing the dyes in the water. Destaillats et al. (2000) found that the 
sonolysis combined with ozonolysis lead to an 80% reduction in TOC. The combination 
of US and other conventional methods like wet air oxidation (Ingale and Mahajani, 1995), 
and electrochemical degradation (Trabelsi et al., 1996) resulted in enhanced degradation 
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rate compared to US alone. A few studies have been conducted on the 
sonophotochemical degradation of organic compounds (Stock et al., 2000 and 
Shirgaonkar and Pandit, 1998).  
 
 The AOPs, like photolysis of organic compounds, have also emerged as an 
effective water treatment methods over the last decade.  Many organic compounds can be 
decomposed completely. The photolytic action dissociates the water molecules resulting 
in the production of hydroxyl radicals. These radicals cause the degradation of organic 
compounds present in the water (Suzuki et al., 2000). Another common method is 
ozonation (Weavers et al., 2000; Destaillats et al., 2000 and Kang et al., 1999).  
 
             In this study, several different combinations of advanced oxidation processes 
(AOP) and US process were tested for eosin B.  Sonochemical degradation of eosin B 
using UV, UV/H2O2 and ozone was characterized under different operating conditions.  
 
4.4.1 Photosonochemical degradation of eosin B  
             In ultrasonication, the recombination reaction of OH. radicals produce hydrogen 
peroxide leading to the loss of the radical for oxidation of the organic compounds. The 
photolysis causes the increase in degradation rate of the organics by converting the 
hydrogen peroxide back to OH. radicals. Consequently a synergy is observed for the 
combination of US and UV (Wu et al., 2001). First order degradation rate constants of 
eosin B measured for two initial concentrations: 15 and 30 µΜ for US, UV and US/UV 
are presented along with other systems in Table 4.9. It can be observed from Table 4.9 
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that more than three fold increase in degradation rate was obtained by the combined 
effect of US and UV. It is also seen that the combined effect is more than the cumulative 
effect. That is: 
UVUSUVUS kkk +>/  
 
Table 4.9 First order rate constants (in min-1) for eosin B degradation 
employing different techniques. 
(T = 200C) 
 
Rate constant (min-1)  
30 µΜ 15 µΜ 
US 0.0065 0.0083 
UV 0.0115 0.0165 
US+H2O2 0.0159 0.0171 
US+UV 0.0218 0.0306 
UV+H2O2 0.2 0.235 
US+UV+H2O2 0.205 0.232 
US/O3 0.75 0.8 
  
           The synergy of US and UV can also be seen in the extent of mineralization of 
eosin B (Figure 4.18).  Although, the rate of mineralization was found to be smaller than 
the degradation of the parent compound, it was much higher for the combination of 
US+UV as compared to individual sonication and photoxidation.  The TOC reduction 
was 40% for US+UV, while it was only 21% for US alone.  
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                Figure 4.18 Mineralization of eosin B in different systems  




 Both the extent of mineralization and degradation rate increases with the addition 
of external H2O2 in combination of US/UV. Under the influences of ultrasound or UV 
photons, H2O2 decomposes as shown below (Elkanzi and Kheng, 2000):  
  
H2O2                           2OH.         (4.14) 
OH + H2O2                           HO2 .+  H2O      (4.15) 
2 HO2.                         H2O2 + O2       (4.16) 
  
where )))) refers to ultrasonic energy and hν refers to ultraviolet energy.   
   
))))/hν 
  Results and Discussion 
 72
 The experiments were conducted using different molar concentrations of H2O2. 
Although, excess H2O2 was used, the reaction rate increased with the increasing H2O2 
concentration (Figure 4.19). k increases to 0.165 min-1from 0.0218 min-1 for US/UV- 
H2O2 system.    
 Time (min)















 Figure 4.19 Effect of H2O2 on the degradation of eosin B.                               
         (System : US+UV; C0 = 30 µΜ; T = 200C) 
 
 The TOC curves for different concentrations of H2O2 are given in Figure 4.20. As 
mentioned earlier, the amount of hydroxyl radicals produced increases with the addition 
of H2O2, which subsequently increases the extent of mineralization.  
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           Figure 4.20 Effect of H2O2  on the mineralization of  eosin B 
                                          (System : US/UV; C0= 30 µM; T = 200C)  
 
 The generation of hydroxyl radicals depends also on the type of dissolved gas. 
Combination of US/UV- H2O2 experiments were conducted with three types of dissolved 
gas: argon, nitrogen and oxygen and the results are presented in Figure 4.21. The 
enhancement in TOC degradation in presence of Ar is slightly higher than that of oxygen 
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               Figure 4.21 Effect of dissolved gas on the mineralization of eosin B 
                          (System : US/UV-H2O2; C0= 30 µM; T = 200C; H2O2 = 2 ml/l) 
 
 
4.4.2 Effect of ozone   
The use of ozone is well-known in the treatment of drinking water. Not only, 
ozone has extremely high oxidizing power, its degradation in aqueous solution results in 
the production of highly reactive OH. radicals. Consequently the degradation rate 
increases with an increase in the O3/O2 ratio (Figure 4.22). The synergy, however, could 
arise from enhanced ozone dissolution, resulting in additional degradation of ozone (in 
aqueous and gas phases) causing an enhancement in the rates of radical and peroxide 
production. The enhancement in dissolution of ozone may also be due to the enhanced 
mass transfer between the bubbles and the liquid in presence of ultrasound as reported by 
Kang et al. (1999).  























     Figure 4.22 Ultrasonic degradation of eosin B under different O3/O2 ratios.  
             (C0 = 30 µM; T = 200C) 
 
 
 Of the two methods; US/O3 and US/UV-H2O2, US/O3 has shown higher 
degradation rates for different initial concentrations of eosin B. The enhancement of 
ultrasonic degradation rate of eosin B by the addition of ozone is remarkable.  By far, of 
all the AOPs tested for eosin B, US/O3 was the best (see the rate constants summarized in 
Table 4.9).  Ozone has the advantage that it acts by a dual mechanism; molecular ozone 
and indirect radical chain type reaction (Glaze and Kang, 1989) resulting in hydroxyl 
radical production. Although the dominant reaction is by hydroxyl radicals, the 
interaction of molecular ozone with eosin B must have enhanced the reaction rate, as can 
be seen in the TOC reduction by ozone only in Figure 4.23a. A continuous purging of the      
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      Figure 4.23 Mineralization of eosin B at T = 200C; C0 = 30 µΜ; Ο3/Ο2 = 50% :  
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reaction mixture using ozone provides a hydroxyl radical rich environment even in the 
presence of OH. scavengers like NaBr in the degradation of eosin B.  Alaton et al. (2002) 
reported that the quickest color removal for a reactive dye bath effluent was achieved in 
case of ozone alone compared to UV-H2O2.  
 
 Since both ozonation and sonication depend on the pH of the aqueous stream to 
be treated, experiments were conducted in the pH range 4-10, for both US/O3 and 
ozonation.  In both the cases, degradation of eosin B is quite fast irrespective of the 
solution pH, while the rate of mineralization (TOC removal) was faster at lower pH  
(Figures 4.23a and 4.23b). It is believed that additional OH. scavenging by HCO3-/CO32- 
might occur at alkaline pH values.  
 
4.4.3 Energy consumption 
 In order to compare the energy efficiency of the several AOPs tested for the 
mineralization of eosin B, EE/O was determined for various systems. The results for 
various systems are summarized in Table 4.10. Based on the results, we can conclude the 
following energy consumption order: US>US+H2O2>US+UV> 
US+UV+H2O2>UV>US+O3>UV+H2O2. Although the energy efficiency for the 
UV+H2O2 system is higher than that of US+O3, the degree of mineralization in the case of 
UV+H2O2 is much lower.  Thus ultrasonication in the presence of ozone is a viable 
alternative for the degradation of organic dyes in water. 
 
 






Table 4.10 EE/O values for various AOPs   
       (C0 = 30 µM; T = 200C) 
 
System Parameters EE/O 
(KWh per m3 per order) 
US P = 375 W; f = 20 kHz; 
C0 = 30 µΜ.  
8100 
UV P = 8 W; C0 = 30 µΜ. 210 
US+H2O2 P = 375 W; f = 20 kHz; 
Molar ratio (H2O2/eosin B) 
= 160-644 
4100-6250 
US+UV PUS = 375 W; PUV = 8 W; 
C0 = 30 µΜ. 
2480 
US+UV+ H2O2 PUS = 375 W; PUV = 8 W; 
C0 = 30 µΜ; Molar ratio 
(H2O2/eosin B) = 160-644 
600-2000 
US+O3 PUS = 375 W; C0 = 30 µΜ; 
Pozonator = 400 W; 
185 
UV+H2O2 PUV = 8 W; Molar ratio 
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4.4.4 Photosonochemical degradation of toluene 
 In order to compare the effect of a combination of US and UV on the degradation 
of volatile compounds, we studied the degradation of toluene under the combined US and 
UV. Figure 4.24 represents the ln C/C0 vs time for toluene in various systems. It can be 
observed that the US/UV-H2O2 combination was most effective in destroying toluene in 
water. The rate constant 
22/ OHUVUS
k −  was 0.0184 min
-1. However, the rate constant for the 
sum of individual sonolysis and photolysis is greater than the combined photolysis and 
sonolysis. That is: 
2222 // OHUVUSOHUVUS
kkk −>+  
Time (min)














           Figure 4.24 The degradation of toluene under various conditions.  
           (T = 200C; C0 = 50   ppm) 
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 On the other hand, 
22/ OHUVUS
k − was much higher for eosin B. Thus, the expected 
enhancement for toluene was not observed as compared to that of eosin B. Also, there 
was a very small difference in rate constant in the case of individual irradiation of a 
toluene solution with US or UV.  
 
 As mentioned earlier, ultrasonic degradation of volatile compounds takes place in 
the cavitation bubble in addition to the reaction in the bulk phase. As a result, the 
degradation rate is much faster than that of a non-volatile compound. Drijvers et al. (1999) 
found a higher rate constant for TCE as compared to phenol for identical experimental 
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 The sonochemical effect of ultrasound is a highly exciting and versatile field. The 
simplicity and convenience of the operation is one of the high points of this method. 
Ultrasonic irradiation has the potential for use in environmental decontamination due to 
the production of high concentrations of oxidizing species such as •OH and H2O2 in the 
solution and localized transient high temperatures and pressures. It does not require the 
addition of chemical additives to achieve viable degradation rates. However, some 
chemicals may be utilized as an effective sonolytic catalyst for reactions involving the 
OH. radical. 
 
 In this thesis, a comprehensive comparative study of sonochemical degradation 
of volatile and nonvolatile compounds under different process parameters was conducted.  
Effects of different process variables such as initial concentration, temperature, addition 
of electrolyte and H2O2, and the type of dissolved gas on the degradation kinetics were 
tested. A kinetic model was tested to predict the degradation rate of the volatiles 
successfully and can be used for scaling up of the process. Two different types of 
sonication systems, probe and bath were also evaluated. The combination of ultrasound 
with other advanced oxidation processes like photolysis and ozonation was also tested. 
Significant enhancement was observed for the combination of ultrasound with other 
advanced oxidation processes.  
 
 The following important conclusions can be drawn from the present study: 
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• The reaction rate was observed to be a function of the initial concentration of the 
organics. It decreases with the increase in initial concentration. The kinetic model 
tested predicts the degradation rate of the volatiles successfully and can be used 
for scaling-up of the process. Volatile compounds degrade by pyrolysis 
mechanism, where as non-volatile compound (eosin B) decompose by a reaction 
with hydroxyl radicals in the bulk phase. The reaction rate for eosin B was lower 
than that of volatile compound.  
 
• The reaction rate was found to be independent of the dissolved gas for volatiles. 
However, eosin B showed an increase in decomposition rate with the addition of 
external gas. It was observed that the rate enhancement under Ar is considerably 
higher than that of N2 and O2.  
 
• The addition of an external oxidant like hydrogen peroxide and an electrolyte like 
sodium chloride has a significant effect on the decomposition rate of eosin B. 
However, volatiles showed only a marginal change in the decomposition rate on 
the addition of these compounds.  
 
• The reaction rate was found to be temperature dependent for both the volatiles 
and non-volatiles. The volatiles showed increase with an increase in temperature, 
whereas rate constant for eosin B decreases with an increase in temperature.  
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• The enhancement in sonochemical decomposition for eosin B was achieved by 
employing the hybrid system: US/UV and US/O3. In fact, greater mineralization 
takes place in the combination of US and UV only. Individual sonolysis or 
photolysis does not significantly mineralize the eosin B. The addition of H2O2 to 
the combination of US/UV increases the mineralization rate substantially. The 
mineralization rate is further benefited by bubbling argon gas through the system. 
 
• The kinetic analysis indicates that the US + O3 was the fastest in decomposing 
eosin B. The best condition for US/O3 treatment was found at pH 4, since alkaline 
pH causes the inhibition of OH. radicals. 
 
• Higher decomposition rate was achieved for a probe system as compared to a bath 
system. The effect was more significant for eosin B. However, energy efficiency 
of both systems was found to be comparable.  
 
5.2 Recommendations 
 The research has shown that it is technically feasible to remove organic 
compounds by sonolysis. The advantage of ultrasonic degradation lies in the amount of 
energy stored in the microbubbles. If properly harnessed, it can be a truly useful 
technology for large scale water treatment. The process is easier to operate and there are 
practically no hazards associated with it. However, as obvious from the degradation of 
eosin B using the combination of other advanced oxidation processes, complete 
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mineralization of pollutant is difficult to obtain at reasonable rates with ultrasound alone. 
Because the efficiency of electrical-to-sound-to-thermal conversion is poor, still faster 
decomposition is needed to carry out the oxidation at the industrial, level Therefore much 
work is still needed to make the process viable and cost effective. The following 
recommendations are proposed: 
 
 Although the effect of additional oxidants which generate OH• radicals was  
studied, it was qualitative. A good understanding of the amount of OH. radicals 
produced under different system would be beneficial for optimizing the reaction 
conditions. Also, the effect of additional OH. scavengers on the decomposition 
rates on volatiles and non-volatiles will ascertain whether the decomposition is 
primarily by a pyrolysis mechanism or by hydroxylation.  
 
 The sonolysis of organic pollutants were studied individually. In general, waste 
water effluents contain the mixture of organic compounds. It is recommended to 
study the synergy or the inhibition imposed by one chemical over the other. The 
reaction rate and mechanism may be very different. 
 
 The correlation model for the decomposition of TCE as a function of power and 
temperature indicates the complexity of cavitation process. A good understanding 
of the fundamentals and mechanism is required to come up with a generalized 
correlation involving process parameters. Such a correlation model will be very 
helpful for designing a sonochemical reactor.  
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 Although experiments were performed on the decomposition of eosin B using the 
combination of ultrasound with other advanced oxidation processes, and 
enhancement was observed, the data base should be extended to other non-
volatiles.   This will give a comprehensive picture of as to which combination 
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Table A.1 (Data for Figure 4.1) 
  ln C/C0 ln C/C0 ln C/C0  ln C/C0 
Time (min)   C0 = 50 ppm C0 = 100 ppm C0=150 ppm C0=200 ppm 
 
0.0   0.00   0.00               0.00      0.00 
15.0  -0.17  -0.18  -0.08  -0.12 
30.0  -0.55  -0.36  -0.21  -0.25 
60.0  -0.72  -0.59  -0.48  -0.39 
90.0  -1.24  -0.80  -0.67  -0.50 
120.0  -1.37  -0.92  -0.94  -0.71 
150.0  -1.54  -1.28  -1.20  -0.90 
 
 
Table A.2 (Data for Figure 4.2) 
  ln C/C0 ln C/C0 ln C/C0  ln C/C0 
Time (min)   C0 = 50 ppm C0 = 100 ppm C0=150 ppm C0=200 ppm 
 
0.0   0.00   0.00            0.00   0.00 
15.0  -0.23  -0.27  -0.17  -0.24 
30.0  -0.48  -0.53  -0.35  -0.41 
60.0  -0.86  -0.81  -0.61  -0.58 
90.0  -1.09  -1.13  -0.89  -0.76 
120.0  -1.65  -1.55  -1.06  -0.92 
150.0  -1.89  -1.96  -1.42  -1.12 
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Table A.3 (Data for Figure 4.3) 
             k (min-1) 
 
Conc (ppm)   Benzene         Toluene   TCE         Ethylbenzene Styrene 
 
50.0  0.015  0.013  0.014  0.013  0.0134 
100.0  0.008  0.013  0.012  0.012  0.0134 
150.0  0.007  0.010    0.012  0.008 
200.0  0.006  0.009  0.008    0.007 
 
 
Table A.4 (Data for Figure 4.4) 
 
   Benzene   Toluene 
 
   k (min-1)     k (min-1)          k (min-1)          k (min-1) 
 
Conc.(ppm)  Argon   Air   Argon   Air  
 
50.0  0.015  0.015  0.013  0.013 
100.0  0.008  0.008  0.013  0.012 





Table A.5 (Data for Figure 4.5) 
 
     ln C/C0     ln C/C0    ln C/C0        ln C/C0 
Time (min)   H2O2=0 ppm H2O2=200 ppm H2O2=400ppm H2O2=1000 ppm  
 
0.0     0.00      0.00     0.00              0.00 
30.0    -0.35     -0.38    -0.36       -0.36 
60.0    -0.68    -0.79    -0.80       -0.80 
90.0    -0.90    -1.01    -1.02       -1.01 
120.0    -1.53    -1.50    -1.53       -1.53 
150.0    -1.65    -1.70    -1.75       -1.75 
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Table A.6 (Data for Figure 4.6) 
 
T (0C)          k (min-1) 
 
       Ethylbenzene Styrene 
 
10.0  0.0141  0.0138 
20.0  0.0142  0.0138 
30.0  0.0142  0.0139 
40.0  0.0141  0.0138   
 
 
Table A.7 (Data for Figure 4.7) 
 
 
  ln C/C0 ln C/C0 ln C/C0 ln C/C0 
     
Time (min)  10 0C    20 0C   30 0C   40 0C 
 
0.0   0.00  0.00  0.00  0.00 
15.0  -0.28  0.40  0.35  0.39 
30.0  -0.56  0.49  0.44  0.69 
60.0  -0.94  0.72  0.69  0.90 
90.0  -1.28  1.01  0.97  1.15 
120.0  -1.58  1.31  1.26  1.52 
150.0  -1.81  1.63  1.61  1.79 
180.0  -2.28  1.97  1.74  2.10 
 
   
 
Table A.8 (Data for Figure 4.8) 
 
 
  ln C/C0 ln C/C0 ln C/C0 ln C/C0 
     
Time (min)  10 0C    20 0C   30 0C   40 0C 
 
0.0   0.00   0.00   0.00   0.00 
15.0  -0.38  -0.24  -0.33  -0.40 
30.0  -0.49  -0.52  -0.56  -0.57 
60.0  -0.67  -0.81  -0.85  -0.87 
90.0  -0.90  -1.17  -1.20  -1.17 
120.0  -1.14  -1.51  -1.53  -1.49 
150.0  -1.41  -1.64  -1.80  -1.90 
180.0  -1.73  -1.73  -2.01  -2.22 
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Table A.10 (Data for Figure 4.12) 
 
  ln (conc) ln (conc) ln (conc)  ln (conc) 
Time (min)   C0 = 100 ppm C0 = 200 ppm C0=300 ppm C0=400 ppm   
0.0   5.71  5.99  5.30  4.61 
15.0  5.51             5.85  5.08   4.48 
30.0  5.30  5.62  4.85  4.25 
45.0  5.11  5.42  4.68  3.95 
60.0  4.96  5.31  4.47  3.58 
75.0  4.83  5.19  4.29  3.25 
90.0  4.65  5.01  4.14  3.01 
105.0  4.42  4.84  3.95  2.58 
120.0  4.19  4.68  3.72  2.24 




Table A.11 (Data for Figure 4.13) 
  ln (conc) ln (conc) ln (conc)   
Time (min) f = 28 kHz     f = 45 kHz    f =100 kHz 
 
0.0  4.61  4.61  4.61 
15.0  4.42  4.49  4.49 
30.0  4.18  4.41  4.38 
45.0  3.85  4.35  4.24 
60.0  3.47  4.27  4.09 
75.0  3.13  4.18  3.93 
90.0  2.87  4.06  3.75 
105.0  2.54  3.93  3.56 
120.0  2.21  3.82  3.38 
150.0  1.85  3.59  3.15 
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Table A.12 (Data for Figure 4.14) 
 
                     Conc (ppm)       Conc (ppm)  Conc (ppm)        Conc (ppm) 
Time (min)   H2O2=0 ppm H2O2=100 ppm H2O2=200ppm H2O2=500 ppm  
 
0.0    202.0    202.0    202.0       202.0 
15.0    147.3    142.8    143.7       142.8 
30.0    117.3    119.2    118.8      119.2 
45.0    98.1    99.8    97.3       99.8 
60.0    78.6    74.1    73.4       74.0 
75.0    67.1    67.6    67.6       67.6 
90.0    56.3    56.9    53.6       56.8 
105.0    45.3    46.1    45.0       46.1 
120.0    36.5    38.6    35.8       38.6 





Table A.13 (Data for Figure 4.15) 
  ln C/C0 ln C/C0 ln C/C0  ln C/C0 
Time (min)   C0 = 15 µΜ   C0 = 30 µΜ        C0=45 µΜ      C0=60 µΜ   
0.0   0.00   0.00   0.00   0.00 
15.0  -0.17  -0.18  -0.08  -0.12 
30.0  -0.55  -0.36  -0.21  -0.25 
60.0  -0.71  -0.59  -0.48  -0.39 
90.0  -1.24  -0.80  -0.67  -0.50 
120.0  -1.37  -0.92  -0.94  -0.71 
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Table A.14 (Data for Figure 4.16) 
 
 
  ln C/C0 ln C/C0 ln C/C0 ln C/C0 
     
Time (min)  10 0C    20 0C   30 0C   40 0C 
 
0.0   0.00   0.00   0.00   0.00 
15.0  -0.38  -0.32  -0.08  -0.05 
30.0  -0.64  -0.59  -0.17  -0.10 
45.0  -0.83  -0.77  -0.23  -0.18 
60.0  -1.13  -1.02  -0.33  -0.22 
80.0  -1.42  -1.27  -0.41  -0.31 
100.0  -1.83  -1.59  -0.50  -0.35 






Table A.15 (Data for Figure 4.17) 
 
 
  ln C/C0 ln C/C0 ln C/C0 ln C/C0 
     
Time (min)   0.0 M NaCl     0.5 M NaCl    1.0 M NaCl      2.0 M NaCl 
 
0.0   0.00   0.00   0.00   0.00 
15.0  -0.14  -0.26  -0.16  -0.15 
30.0  -0.25  -0.37  -0.40  -0.82 
45.0  -0.38  -0.52  -0.57  -1.27 
60.0  -0.47  -0.63  -0.67  -1.59 
90.0  -0.56  -0.81  -0.80  -2.06 
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Table A.16 (Data for Figure 4.18) 
 
 
          TOC/TOC0        TOC/TOC0 
     
Time (min)        US            Time (min)      UV  US/UV 
 
0.0  0.00  0.0  1.00  1.00 
30.0  0.98  30.0  0.97  0.98 
60.0  0.97  60.0  0.96  0.97 
90.0  0.95  90.0  0.90  0.91 
135.0  0.91  135.0  0.85  0.83 
180.0  0.86  180.0  0.79  0.72 
225.0  0.84  225.0  0.75  0.67 







Table A.17 (Data for Figure 4.20) 
 
          TOC/TOC0 TOC/TOC0 TOC/TOC0 TOC/TOC0 
Time (min)   H2O2=0 ml     H2O2=0.5 ml      H2O2=1 ml         H2O2=2 ml  
 
0.0  1.00  1.00  1.00     1.00 
30.0  0.98  0.95  0.94     0.94 
60.0  0.97  0.83  0.76     0.76 
90.0  0.91  0.73  0.65     0.65 
135.0  0.83  0.56  0.46     0.46 
180.0  0.72  0.37  0.29     0.29 
225.0  0.67  0.34  0.25     0.25 
















Table A.18 (Data for Figure 4.21) 
 
          TOC/TOC0     TOC/TOC0          TOC/TOC0 
   
Time (min)    Ar     N2         O2 
 
0.0  1.00  1.00  1.00 
30.0  0.76  0.78  0.77 
60.0  0.66  0.71  0.62 
90.0  0.48  0.65  0.44 
135.0  0.33  0.41  0.35 
180.0  0.22  0.27  0.31 
225.0  0.20  0.26  0.26 







Table A.19 (Data for Figure 4.22) 
 
  ln C/C0     ln C/C0  ln C/C0  ln C/C0 
Time (min)   40% O3/O2        60% O3/O2     80% O3/O2      100% O3/O2 
 
0.0  0.00   0.00   0.00   0.00 
1.0      -1.09  -1.29 
2.0    -1.14  -1.39  -1.69 
3.0            -1.09    -1.69  -2.44 
4.0    -1.57  -2.06  -3.21 
5.0      -2.48   
6.0  -1.60  -1.89  -3.21  
7.0     
8.0    -2.65   
9.0  -2.01    
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Table A.20 (Data for Figure 4.23 A) 
 
          TOC/TOC0 TOC/TOC0 TOC/TOC0 TOC/TOC0 
Time (min)      pH = 4            pH = 6              pH = 8             pH = 10  
 
 0.0  1.00  1.00  1.00  1.00 
15.0  0.94  0.96  0.97  0.97 
30.0  0.91  0.93  0.95  0.96 
45.0  0.89  0.91  0.94  0.95 
75.0  0.86  0.88  0.93  0.94 




Table A.21 (Data for Figure 4.23 B) 
 
          TOC/TOC0 TOC/TOC0 TOC/TOC0 TOC/TOC0 
Time (min)      pH = 4            pH = 6              pH = 8             pH = 10  
 
0.0  1.00  1.00  1.00  1.00 
15.0  0.90  0.93  0.95  0.97 
30.0  0.83  0.87  0.91  0.94 
45.0  0.76  0.81  0.88  0.92 
75.0  0.70  0.76  0.85  0.90 
105.0  0.62  0.69  0.82  0.87 
 
 
Table A.22 (Data for Figure 4.24) 
 
  ln C/C0 ln C/C0 ln C/C0 
   
Time (min)    US  UV/H2O2     US+UV/H2O2 
 
0.0   0.00   0.00   0.00 
15.0  -0.15  -0.12  -0.26 
30.0  -0.33  -0.30  -0.45 
60.0  -0.74  -0.69  -0.99 
90.0  -1.15  -1.09  -1.54 
120.0  -1.50  -1.34  -2.23 
150.0  -1.85  -1.63  -3.06 
180.0  -2.17  -1.94  -3.36 
 
 
 
